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Embodied intelligence methods for deep space exploration: a survey

Li Daixun, Xie Weiying', Li Yunsong
College of Communication Engineering , Xidian University, Xi’an 710071, China

Abstract: As deep space exploration missions continue to advance toward higher autonomy, longer operational duration,
and more complex environments, the traditional task paradigm dominated by ground-based teleoperation can no longer sat-
isfy the requirements for real-time, reliable, and efficient operations in lunar, Martian, and farther deep-space scenarios.
Under conditions such as significant communication delay, limited prior environmental knowledge, strict onboard resource
constraints, and high trial-and-error cost, future deep space platforms are expected to move beyond single-command execu-
tion toward integrated autonomous operation. In this context, embodied intelligence is gradually emerging as an important
research direction for deep space exploration. The reason is that it provides a unified framework for coupling environmental
perception, autonomous decision-making, and physical execution, which improves the adaptability and autonomy of explo-
ration systems in long-duration extraterrestrial missions. This study systematically reviews recent progress in intelligent
methods for deep space exploration from the perspective of embodied intelligence. Focusing on two central challenges—lim-
ited perception capability in highly unstructured extraterrestrial environments and insufficient autonomous decision-making
capability under long-horizon, high-risk, and resource-constrained conditions—the study reviews recent advances in deep

space visual perception and deep space embodied intelligence, and summarizes representative datasets, typical tasks, and
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evaluation protocols. For visual perception, the survey first reviews traditional image processing-based methods, including
stereo terrain reconstruction, visual odometry, photogrammetric modeling, and large-scale localization. These methods
established the technical foundation for early planetary exploration because they are grounded in explicit geometric con-
straints and therefore offer strong interpretability and engineering reliability. However, their effectiveness is increasingly
challenged by weak textures, repeated patterns, severe illumination changes, occlusion, and long-range cumulative drift in
lunar and Martian environments. The study then examines deep learning-based visual perception methods, which cover ter-
rain semantic classification and segmentation, cross-domain adaptation, and multimodal terrain understanding. Compared
with traditional geometry-driven approaches, deep models provide stronger semantic expressiveness and improved environ-
mental understanding in complex planetary scenes. At the same time, their performance still depends heavily on data cover-
age, annotation quality, training strategy, and sim-to-real consistency, while onboard deployment is constrained by limited
computation and energy budgets. From this perspective, the development of deep space perception is gradually shifting
from closed-dataset recognition accuracy toward robust representation, long-term adaptability, and task-oriented environ-
mental understanding. From the perspective of embodied intelligence, the study categorizes deep space tasks into three
major classes: autonomous visual navigation, autonomous mission planning, and autonomous scientific operation. On this
basis, the methodological evolution of deep space embodied intelligence can be viewed in three stages. The first stage is
represented by teleoperation-centered control models, in which planning and key decisions are mainly completed on the
ground, while the onboard system executes predefined instructions with limited rule-based local autonomy. Although this
paradigm has been essential for ensuring mission safety and controllability, its strong dependence on human intervention
limits its capability to support future long-duration missions in uncertain environments. The second stage is characterized
by deep-learning-enhanced local autonomy. In this stage, learning models are embedded into specific modules of conven-
tional engineering pipelines to improve terrain understanding, candidate path evaluation, risk estimation, target selection,
and onboard data screening, while the overall decision and control chain remains largely interpretable and verifiable. The
third stage involves multimodal large models and vision-language-action systems, which introduce higher-level cognitive
capability into deep space systems. By unifying multimodal observations, state information, and task instructions in a
shared semantic space, these methods enable cross-modal reasoning, task decomposition, dynamic replanning, and long-
horizon decision organization. The survey argues that such models are promising for future high-autonomy missions. How-
ever, under current engineering conditions, they are more suitable as high-level cognition and task-orchestration modules
than as direct substitutes for low-level planning and control. The study further reviews datasets and evaluation methods for
visual perception and embodied intelligence. Compared with terrestrial benchmarks, publicly available deep space datasets
remain limited in scale, annotation richness, and task diversity. For embodied intelligence, the challenge is even more
fundamental, considering that datasets must support temporality, interaction, and closed-loop evaluation by including not
only observations but also pose, action, state, and feedback information. As a result, high-fidelity simulation environ-
ments and digital twin-style benchmarks currently play an important role in supporting reproducible system evaluation. Cor-
respondingly, evaluation protocols are also evolving from static recognition metrics toward task-level criteria involving
safety, effectiveness, efficiency, robustness, and long-horizon reliability. Based on the abovementioned survey, the study
discusses several future directions for deep space embodied intelligence, including perceptual generalization in strongly
unstructured environments, trustworthy autonomous decision-making, system-level collaboration across perception and con-
trol modules, and lightweight deployment on resource-constrained platforms. In summary, deep space embodied intelli-
gence is emerging as a system-level intelligence problem shaped by extreme extraterrestrial environments, long-duration
mission chains, strict resource limitations, and high reliability requirements. lts future advancement depends not only on
improving individual algorithms but also on establishing an integrated framework that unifies perception, decision-making,
execution, validation, and deployment for real deep-space missions. This survey aims to provide a structured reference and
clearer analytical perspective for the further development and application of autonomous intelligence technologies in deep
space exploration.
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FEAR LT, DR G ] e E 5 8503 =2 ] R B A
My, BN R FE A BB A . BE— kT A
JHEAER T FRIBRE T 5 1 L TARERRE R Z el
PEAT SRS AR AU , Xt o s S5 ik B R B TR
AR

PRIt , T 2 ) B AL SE RO O vk B 2 4
Th T IR A BRI RGeS 2 e i SCERAR BE 0, I
SR SE RN Fh JRa 0 ) LA 5 1) 5 2 BRI AL AN
. HNRZEAL S 5 K, RRTTIE s it —
APTE Y I8 4T TR A0 B R . — 7T, A
BR KR AR R s R HATAR SR AL e A
PR = A0 5 VE B AR L 2RO R AL RE
BE R BIHIE | 10 5 EEAE JE ST 55 3 A2 rh R S
FOL R 5 VRl 25 S e R SR 5 5 — O T, TR 25 4R i
T 4 P A A A AT RN T LA B 1 i 9 52
BIR A LS 26, 33X R R I S SR 5 SR AN HAT
BTR3NS ARG AR T — SRR T AR AT
PR o AR S I BRI ST 5 2N S 1 S 2R AT
55 B I TP I UDOE NV BE ) 5 R ST SR T, AT
J £ B B BE VRS 1k A R B AR B T e S ) B
Seah
2.3 RZHENBRHMBIEE R TN ISR

B0 B T2 R s PR DN AL o SR D7 Y R 5 1) T
filh, FOAARE AR TEIE QL AT 55 7 o Y PRl 7R AR R AR
EOE T RE BRI SYERE AL 7 20 S
AT 5 AL, RS BRI S5 0 Bl AR OS2 ) 1 45
I A g A 55 TR DA RGBS IR sz FRAF I R L
Tl A s S B A BR , ELAE AR T S8 BRI 55
ZHEVEDTHAAAE R AN o IR, RS8N ) RN K

b il e S A E
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PG Ak P ELA A0 B B 4 IR g — T
IR PN FE bR R | S 4 2h TR 28 IR 5 183
PR SR IR

2.3.1  HERENESE

HERVE N AR S M EZ Hbrz — , HE
DU A 3 R R TP 18 B AR B B AR
ORI Y H Bk EMG . I A BRLEE 58 24K
TN TF B AR IR, nrp E BB R K CH
(ZHF ok 4, 2010) DL K 36 B B KM% K5
(NASA) KA1 125 5 HE3 H BRENTE REAR , i 08
Hb TP EEASRURRAE A3 B $ A1 T S mly LI 52 s, (L 3E 5
2 T AL A 2 AT 55 I R GiAR T

VTAER W25 H Bk H SRR 55 1) & e
— LA ) B BRI AT 55 B AR P IR B . Lin 5%
N (2024) 42 X H 3k B =300 5 4 5 IR ES
TREEAR B S DL RE AR T — R i 245 IR a8 2L
PaAE , W] SCHFE o) e SR = Y S 2 A
155 ZEEEE—E R Liksh T AR R T 2
AT 55 T B N 2 4 1) 8L, Sk 52 2 SN 5 e 5 Ty
(BT HE 0t T G — IR i

WA, Ay G figp LS ) BRI A 5 1) [0 R, 350 7
S8 o B ANE BT B b ] BR R B A . )
N, LunarSeg 48 46 F] AU BRIAEE A= il A0 35 B
4 5 113 A7 X bR 73 59 RGB-Depth 14 (Jiao %5,
2025) , TSRS o Bk S 7E A Bk 50 R
()3 P
2.3.2 KEFEMNEHELE

A H B, JORBRIAT 55 FF SR ] T ALY
B IR B R R R Y R S A B R A
BN E R Z —. NASATT 25 R4
I AN R K R BT 5 AL S R A 1Y iR 15
4 (Swan 55 ,2021) , Ry K WS WF IR AL T Al
B A VR (Wagstaff 55 ,2021) .

FEILFERN T, Tan 558 A (2024) i — 2 A & 1 1
AL AT 55 AR R 5 R4 i T 2280
JEARZ:, 2 1T HUE 73 Al SOt ot . %8
T E R 57 KRBT 55, A W58 TT I B 2
1 A R0 il A A RS B T A 4
(22 4 ,2025) o Lyu %6 A (2023) XF K 2 % %
A MR AT T N AR, 7] T oA E
B DU B3 B PEAT , R TR 25 8 BRI i o 4 it T

LA A, — e B T AR SR Y T
AR ARGREE 50, T 1) ) 3R KR I A R A 55
PR 5 A A b B 2 L A ARSI £ 567
SN EEEARHE T IF I & (Bickel % ,2021) . 7E¥LIE
JUE I ,NOAH-H (novelty or anomaly hunter-HiRISE)
Ws S A HIRISE 35 70 BRSSO JOR S A T
G338 IR TR EE A A O R KR R 5 18 I it
HR ) IE FH A (Barrett 45 ,2022) .
2.3.3  HAbW= KRS 07 BEE 4R

B A BRAK RS, — SR G 1R 5 T /N R A
HAB R 2 RS BRI . AstroVision BRI
TR A ZM/NKAR I EHGAEA B £
MY bR AF B, AT T RR AR A I A i R AR A A 5T
(Driver 4, 2023) o X A H i 4 o #R 2 WL 50 S 1 5
A AN [) TR 25 B 350 b 10 38 R R TR 1 S 5
Al

) h T TSR A B AR AS v B, A ADL A
St R SR TR TR S IUSE I B K A e . 3X
SRR R AERIR T 5 L 2 BOUR M 73 A LA S i
Yy ialrh BAT A a AR, (B H 5 SR
PRI 2 18] a0 22 e [ AT o A 1 Hh AR
2.3.4 BB SAE S ITFHE bR

B R A R AL 58 BT 55, I v SR
ST EALI 8 SUEA LR PEM 5 A5 B R 45 A Bk
155 R R HEA TR 52 o 78 MR 23 2R E Lo HIMTE 55
W A RUERR R A R DL K 32 I L (intersection
over union, loU) &8 FHBIFA 845 , T f A
TG AN [ M 28501 i U E ) (L0 45, 2024)

1 H ARSI AN f B R T 55, ~F- B0KE B (aver-
age precision, AP)FIH [ 3Z T IPAG R 14 fE o
X 3 THT 111 S 00 A0 552 P A5G 1140 10 0 R AR G, B
() T3 DK 35 B PR A S AR S b A HoA
TR S AR BHORS B R R R ZE S PP AR &R

ST, A R 2 TR B 4R A R AR AL AT
55 483 i AVAR TR R 55 TG A B B A S A Ry
fiE o A BRAK R B SR AT o (AT L 4 T
i S AT 55 W oK, A TR 23 PR A 540 W 5 ) B
AR AR AR AE—E R R TR
CIHIT U H R TR 2 2] O R TE R =S b
ST W20 TR R B AT S IR
BAE A UL S G — VAN AR ) E 2
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3.1 RERNESErRESER
RS PRI EL B8 B 2R 4 1 ) ) Bk kR B
A K A S8 175K, A Bin 2 7E
A ARHN FLBAR SZ BRI PE T, SEEREI 28 6 FR 5T
MIHRFSL N B F R SRS T . AT 55 )2 1k
AR HNH B8 e g F AR s —Be ) iy BB i
JE M — R I E SR H AT S5 A, B S 2
ARS8 AT | I A K 38 LR AR b BRA T 1 A i R
MRIEAT 55 D RE A S 2 IR A, I 2 fiw  BlAT
TR BRMMT 5538 % T LIRS 0 A B S0 H &
55 FUR DA K [ R Bb 2R3 3 R R 552480
3.1 BREE A EE 0

F S8 S TR 2 DN L B BE R G i) S
1155, e E A 2 (450 25 8 Bl = =K B A1 5 15 F
FReL M T35 4 SRR B LT IKHE A B e JR A B

7158 IR SE R A7 S AT 2 4 B8 Bl (R Rk
BT, 2009) o £EH BRFIK R SFARS L SR IR
H PR A5 I M AR O | B 3 A BE ML B
IR SR AF AR A B A5 T L, A G MRS o e P A 7k
RS S 7 SO LU @ T . P, B R
VUL 55 S A PR 45 T S I AR IR S A L X
Ji] Bl PR A TR S T, DA TG SRR AR B4 |
B PR A Ko Sl A AT O o XA S AE K
BRI K A AT EAE 55 b B AR 2
Ja 25 e J2 AT 55 BRI AR Ml SR AT A5 LT R A9 I

Lo
3.1.2  ZS H FAES K

TE 58 FEAS T RE I A RER L, YR 28 SRIAE 55
5 TR A AR I E] RURE A A 2 21 A R
55 AT , B A AR 55 AR (F B 55, 2021) .
IRRAE 55 IR AR B £ Al P22 4R L K B¢
W e A Tl , AL ZRMEA O IR T B A E 1
5SS AARZ RN R G BT IR A2 BRI G

F2 RTHENBS ST AN
Table 2 Overview of embodied intelligence methods for deep space exploration
15452451 ik I Kol ke I FHAES
Bajracharya % A (2008) e AT KRR 2 KA ERA
Yu% A (2021) BN UR B ) FUBR A SR FIERTE B
Fu %A (2021) VR 3l ) F R EL R FVBR A 1 ML
i Daftry % A (2022) Bl JERNE SISO ks
Verma %5 A (2023) SR G BT N R B P ESE
Gao % A.(2024) VRIS 2 ) FIBREE % FIBR A 0 B
Santra % A (2025) B 3 2 ) FUER D 0K SR AT S
S fRER A (2021) RHEEE WS ENIES\RLE RE AT 55 B
Ak PR (2024) L AR AL ) VR 2 45 D7 EUBOE YRI5 A AT 55 HLR
Estlin % A (2012) FR IR Bl H A5 R A MER k2% A ghRkE B AR S50
(R Francis % A (2017) FILIUBR 5 F 45 R “YFAET KRR (1 Rk 1T 45 300F
B A Stefanuk il Skonieczny (2022) [ 4 25 3 Kol Pt alES TRFE WA BT
AR A (2025) W) A ERZE 1 2 AT A R 5]

TERZE TR Sy b, b Tl AR I RE Rl i 99
A & R AR FEAE G 2 RSB IRAS B AT R
YIRS A BAT S5 o i, 7 K R AR
55 b AL AR ZAE PRIE L TS T, ARy
PRI 45 BE B THAE LA S [R) 2 45 2 H A o

U, F AT 55 FLR B0 A 3 12 PR BT IR S HAR A T
110 B 2T 55
3.1.3  RE [ FRFEEAE

H SRR B E R TR S SR H B BE R g Hh R
VT BRAAAT Z BUAT 55 288, 32 52 15 R 4400 25 ok L A4
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YEMVAT A B FE 58 B, WFE R AR HLIRE A X
AR E SORE XA A . TEUR S B X R S5
FA RN B BRI MO K DL PR A5 AN
B S R R 8 SR TR R R (S
4,2017),

FH T Hb A PR AR TR 25 o T TG e 2 A SE A
Pk SEE 0T g BR A 1 AR M 4 1 528 W 8k B R
BRI RREARAT 55 KU I 2 J7 1] A, 76 K R R
i R SRR A3 AT AT 55 v, R0 25 75 2 AE A RIS
EYSSE R NN I sy W= S (o NN PO S
Fisk b T 9 o AR A (R ST A5 ,2019) o XRS5
2% B0 R 5 4 R IR IR 8 00, X R e R A e
ACPHR T m K
3.2 ETERERNRTSRUAESA X

FETRZS R B B, 52 FR T3 AR ) AR IR
TR DA SN T8 e B B, PR 25 i 1 7 v B S
Mo R G, UL T LA A R O A% O 1AL G g
TR AL AT BRI 55 MR AR T A B e
SRR PSR S pl b AR R o S8 R, BRI 2R AE
PSR T Bl P A e B U T R A EE A R AN T
REE SR . X R il 2 7E R0 7 BRA AR ERNNAT:
F AR B T Tz N IR TEORBRAT 55 L VR R S
AT PE DT AR T R (F AR 45 ,2025) .

LR f1 3 78 3 AR ABE Y 3 R <R — [l £ —
P — N BT B P ERZE A, BTl 00 25 AR B
BEEE I AL M T , 280k N T4 b 55 RS 2B Bl
il 5 4, P8 o TR 23 38 17 B I A% PRI B AT -
IR, 22 50 A Y BE = 5 (A B S T 42 o s, 7T 0 4%
AN DL PATIE A4 R T BT E s 440
KU AR AR X 2202 B 4T 55 b oA g ] bk
o an R0 i ok B Bl s S AKALER AT 55, LG 2 A
BRI T A2 (Crisp %5,2003) .

R AR b TR E XU IR TR 45 300 i 7
IR PAE L N B A 5T JF RN A 53 A ERE
1o It sE Ak e AT AR AN A A 2 (R
RS TEREE 25T 3 58 BT ERLRE R S AR A
S AN FRAEEAE (PR 2 5F,2020), X7k E K
N TR i B AT, B R4 A Al MRk
FIATIGEME . 3 7 i TR AN KR BRIAT 55,
KR T IR AR R S U] [ S R Y 4 ) OR
W, AR RS S 2 TR 25 55 1 AT & S it (35 RN 522 3
2006) .

SR, B 25 I AT 55 1] BF 520 2 PR 8588 R AT 55
JEV A R i | A 490 3 47 3k AR (1 Ry IR M 320 3 il B
T TR A IR A A B A8 (R Y B A2 BR AN T
D527 BRI R, 3 A S F5 4205 | 8 P4 1 S o) S A
(g 45 ,2016) o HU AR TR 45 1 e
DI X HE S5 b SR B v () 28 & A8 Ak 5 5 R BUT 55
G N o e o PN 1 o N o o W S S
TGN T AN B 2% 2 HAR TS5 i ik = G,
LI I e A R A7 21 B 2 BR ] ( Bajracharya 45,
2008) . SMARE AL G2 BRI I 7R AT 55 %
PE R GeRs e Yy B A A AR TREME,
SETRAS BRI e J8 iR v A BB B L g P R
Hi T TR T 2856 FRF A, AR i 29 T8
WIEs F BRI 0t — B4 T, XSy 5 45 A
FE T2 ) R R Y HL B R e VA B T ST
S ARSI,

3.3 EFREEINERERVESHE

FHAE A% G0 1 4 3 P 5, TR B 2 > BK 3 11 )
BB H T H B SR R A AR AR R A AT S TR
RIOHTHE T B S B i A PRI 45 SCHR PRy, S0
XN R e R SR AT RE T A R . X T
P38 F AR AL G S5 AT 55 4 BEMESR (i 4N 22 4= 24
SRR 322 5 b T P R AL A A2 S AR RN
TR T B 28 55 B, (000 #5876 JR 35 7 Se A |
XUBS: PEAS S84 B AR 7 TH 248 TR Y [ 15 0 e
Jro BRI S RS I ERS g R i
SR PR R R ) SRR, R A E R
()28 R B A, O e T i SR IR 4 ) B AR S
FE T AT VE A TR LR
3.3.1 RETWEINA F S-S5 K

2 H B F TS5, M OCHIF G — 7 THI RE Lk
TGRS I, 5 — 7 8 5 51 AB s 3K 30
B DA 3 MY nT AT BT T . LUK B AR 55
J ), 2 AR N (2024) 3 it T KR = Uk U
(unscented Kalman filter, UKF) F] FH A7 28 37 %) 0] 12 45
TR ER 25388 A 75 S IR HR N 25007 3ol N A 5
Bkt 50 R, T o Bl XS5 AT 3 X A B4k
AL AT W R AL 5] A B SR s e, I Hh P
328 A AR S B A R, DR TR R H Y
PEAR ORI BEALA T 541 (Ono 4¢,2016) . X —By
BRI U 1 2 < 27 S B 5 L TR B i, A
PR AT IR Ge R4 ) ol A4, PR LA 34 1) T
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P AT R 5 T b

RS GRINAT: 55 B ELAT M0 5 2 R 5 K ke
Rk, T BRI A 4 RS R R I S 2 H AR
AR, AL GEAT 55 IR = BE AR T 5 U R 4, ifi
TRIE 2 2] (K5 ) AT Z2 PR 80 hy o AN 2 P 110 348 oz A B
Xif R B AW Y B Ak 2] o R e AR L B
T 3R Sh R B S B R i A AR T AR
fli RN .t — b TR 2% ] B IE AR B e 40k
SRR AR T, 2 > B D48 R I R
T2 i v sk R . AR U MLNav HESL , 560 38 X
LA S PR AZ BRI R AR LR R A T2 )
SR, 3 2 AL A 2 2] R AR UEA T A U HE R S
0 , DA T U 20 e A A 0 B4 o BPAV 1 30 P O, 32
o R ) 25k R I e 22 4 1 (Dafiey 45 ,2022) o 2540)
Hi1, Abcouwer 28 A (2021) 47 Hi 1 1) k2 AR 4K R 127
2 & A AT vk T SR e o e A
FEARHLI B BE T3 R 4H . 2R v R B T JRi
T B IHERRAE - 2 S R B AR 28 4 S A
717 2 76 TREE 22 PN AR FEUIN o 5 4 B A €, T 5 7
HIE

FEH  H BRVRR T, — B BT T IR B 2R il
052 2 TS TR R AL ) AR LRI, U HAE A
BR52A G T M R ST A
W, Yu 28 N\ (2021) T 1) H 5K 42452 22 4 2 0O s
) i > PR AR R 9, 8 A F A Bk SR H 1 b
TE B8 00477 ELIRSE S B DA SR A A 0 0 ) i S )
AR ) s Hu S8 AN (2021) F— 25 223 FH VR o Al 2
S SEA BRZERTE I A =SS AR . 5 LR
BF 5 ek 5 th i oA 4 5 92 AL RE 0 A SR 7 1), A
Santra 55 A (2025 ) #1115 s 18 37 5 )1 25 ) S A00 2 s
TREAT R 202K A PR A o 2 bya =X
1558 2R AR Ak Ak 37 5 v B A RS A 1 33 N T
RS R ARER Ry 58 H e B A 0 L 5 5 85080
A, FLAEZE G e R T DL R i it e 5
PR 7 THIATYME LA A2 78T RS T AR R . [R5
Pl >3 2 AT T2 2 T ) A BR A2 457 & BRI 3R
W& . Gao %5 A (2024) 42 H 1T 1] H 3K 2R A8 23 ] 9 1
Ak 2 TRy 2, R e s Il L AR
TIN5 B 110 SR A RCR S P T H

SRR E R E RSN E E SIS S M
TE TR 23 R P01 3 32 BRI A ) R B B 50 75
AR THRRIBOR , AT G BB vh 42 {1 5 B3 B

PR et . (B, BT kA st — b 5 6 =
[E] ) G HAN 2l FRBCARS (5 PR T 5 Hidle o0 A, 72
R 2 TR A2 5 4 A B R D T 7 R = 8 —HE SR, HAE:
55 FURITEAE DS I s 1 2R G Wb ), anfeT ml A A A 55
EHR R RS T2 0 P PR RE
3.3.2 JFETEHEEAR A FR e RAE

H ERF AR E RO T RIS BRI 72 1T fE
NN TGO T E SRR B A, IRk
% SR | DT 4 T+ B i) ] g Rk i . L
IR RS2 OASIS/AEGIS R 51 T4E (Estlin 5%,
2012) , HLAFLA =2 > R 50Hr o 2Lt S B
A1 S 5T H AR B iRm0 500 B M,
A EPATATIME 55 Y RN RE A2 B 2 2 O RE =M
BRI EE . BEE RGN, AEGIS JH T4 &
57 K B4 ChemCam A6 2 ALY B 32 H AR $E I3
NP 2T B, B Mk T ML R0
T RE 7 5 WL %% (Francis 55, 2017) o 3% — B BL
RHEMEAE T FEA S SR S5 R B A4 T
b JRER A 3 T A% AR TR AR R A R
AR 5L O L A SR 10 5 B Y R

UTARR R 2 M gt — M Sl A B R RN
TR BT S5 MRS Y H AR SR . PRI, Tk
BRRE A AR o RIS R 2 2,
Furlan 55 A (2019) F) F 345 B 242 ) 2% (convolutional
neural network , CNN) SE I KB FRBE T 19 5 4 A il
5038, S SRR A B AR A B 5 Kuang
SN (2021) 2 H T ) A AR BT 19 5 43 81 )
ZEHESR A B T E T T By SR B R RE ) .
I [RIIRE T [ R b A A AR B A R SR A 2] K Rl
Fih 2804k, Marek Al Nalepa (2024 ) £ 1 [7) 17 &2 4
A T g 3 i R B 2 T R B A A i S
Iy E SR RPN G — T J& A TR s 1 G
i 4R eIl RS B SR

BeAh , SRR W 5 R 0 B ARRY A ER A
SR TR BE A U 5 1 ] 1 S R O 5 T e A s
i %€ . Stefanuk F1 Skonieczny (2022) £ X} “ 4 %3 5 ”
KR R HICHE A T [ A T PR A BT R A I
2, 5SS A gt s S B DIR T i R ILRE )
AT BRA 58 T AR e e S it T O S .
b2 Bl BT A S e BT B LA AR
REBFFIEATRE S Fr o , MG 845 18]
SO K B REE A A ERGEHATR: BARRER)
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SRS KBRS 5 HIR RGTE LT 55
AT TR A

GG ETWRES WM B FREAE Ik
[E AT EZ S p e e B R - e D UM & W e i
SR T OCACEE T A7 50 s 5 I [R)I, x 2R 07k
TR 2RO i 5 TR AT 58 M 55 A A i —
AACZS (8], B0, 455750 %60 5 B 5 1 FE A Ak Bk |
DA 5 A AT RE A R A BT RN 2, HLR A A B
T T S T g R SR R TR AR A A T 7
AT S5 S BRR E B AT B
3.4 ETFSESKEENRETRVNESHFE

Bl 2 AR S OB 5 0 58— 1 5 AR B AR S RS
P 2 A BRANE 55 LR O T RE ) A4 2 2 T, BF
FEE THIRR R Z RS RBR G| AT AS 890 2B &
S A 2 T [ ol I = B 5= A U e W N 1 S R 3
295 1 475 T PR b TAT N 5% P PR PR3 , A IX ) T I
2] B B LR AR ISR 0 E R R IR R 2R
A ALY T i 8 R 58— 1 T L3 [a] P 52 B R —
R —HAT7 Y DU, BEIE LA A AR TE = A X 225
WL AE 55 H bR 5 PAT AR kAT B Uk SR G 1
B, TR B 9 J2 U A F2AT 55 26 1005 D SR
fiE ) (Driess %5,2023) . MK JEMIEE %05 I 1EIR
2R QU ATS AL TR R A (B PR AR BE ) i B AR B
BALEAIE, T T — AR BRI A R R HE
FRS R

g 2 s 72 B B R e IR v, 2SR
P BT T T 7 1515 R — 2R 2y R A R
ARGl DR R RIS S S i A 2
T R AR 3R] [ A v ol A AR L A B A 1 B
EHERRRE ), AT 7E B — 5 P [ I 52 Ji 7 St ) 25
55 73 ik 5 SR A A T BE 5 O — 28 02 i ) i AL
w—iE T —shIE( vision-language-action, VLA )R
BRSSO A AT B 4 R) 1) i fER AL AR A
A5 WL 55 1 55 46 4 R B Al AT s AR e 51
(Zitkovich 55 ,2023) , iF—2Hb , Fe TR0 A= 5 5 8)
TEE AR B A — S AR R AL T 5 = HE 38U 7
¥, B OB A HE D R ORAT: 55 i AR 5 20 BRI T
SEIL MR ) B ) 2R T AT SRR A, AT
TEPRAF AT PEE B [R) e T R GExt S 2R AT 55 BRIk 5
204 g 77 (Brohan % ,2023) . 3% 263 F H B HESL g
B TR 7l S I R geiuat: B2 R AL
ARILAT 55 FL, T 2 DA 4 TR A 428 A HR 58 Lk

- o HTRPRFAE | A TR | PR
B |1 S| A A | AR | LR

W AR BRI 14
(a) VR L AR S RS
(T

o
WSRO |- | SRR |- 3730 57790
(b) 4 ER ARSI F R

FHERS

—
| WS- R | ST | WG R

(0) B —iT F— VAR

5SS sl
[ V [ v
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Fig. 2 Overview of embodied intelligence model
((a) multimodal inputs for deep-space embodied intelligence
model; (b) hierarchical multimodal language model ;
(¢) end-to-end vision-language-action model ;

(d) end-to-end world-action model )

TTHI3A

T[] L KA 55 A, P 2% . B A M e i
— SRR TAE . B4, Rodriguez-Fernandez 55 A
(2024) $& 1 75 5 B ALE Ry L K e B AR 10 B9
L DHER BRI 48 S S e SR A
AARERAE S, (i FLRR AR I T P 4 2 T R GRS i
AT AT A, TR TE A s 1T 5 IR RCR
Maranto(2024) i — 208 ) T3 AL KRB RIAE LS | H RAsE
HUE R A0 R i 1Y) e S AR B 5o v X, A 0 BT 55
TP Al B AR S SR RE T, JT 4R 4R 55 B R
PETH I, B A O OB HE R xR IR k. X
FWFFER BT, SR S5 A m E AN 5 T A
U AR 25

TEAT BRI A7 5o, 208 R [m) b Jre 31
O A i R A S SR MR R RV . B T H B
KRR B SR AR S A AL RRAE , AU A LA BAIG 2
PSR AE AR X LA R 220 1 1 I 1 S5 KUK S5 4%
AL 58— 5 BB RB A T8 o A SR TR 18 U8 ) ke
() I g B] 2 O SR I e PR SR R S
Cheng 55 A (2025) 12 Hi 22 B 25 KRR UK 5l i 224 5
RGP0 —ih S BB T b 2 R T ik
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FEA A AL, AT AR 2 42 5 R0R Z A AT
BT X ZETR A AINER T AR S U LS
(1 v LK« DRSS TR 8 5t sy J= A 5 DO 2 4
SRR 73O B 7 AT Bk ) R ) B B

LRARE , SRR B UK S i 4 [ £ REIR
RAERAE R P B 2R ) . B, XA
RERSTE L — 15 302 ) b b PR WL CRAE(F RS
55464, S 2 UUE B ARG R S RS R A 3
MR 2 AT 55 I B A A ORTE = AR RERE T 9 F 1]
FIR AT BT 55 S MBI 5 RO, A Bl Ak —
TR —PAT R st i QBN 3 R AT B
{155 AT A S 18 Wi B — 254 e 2 3 A5 F AL
52 HEM AR, R GATT A T B TSR i
{55 18 B RE T 5 Rl , 7R 2 38 15 &2 BR W A T FiAK,
AT RT X T IE R = R R RE S 7
S8, AT U/ Xl T S R AR, 325 ARk
RS 55 1) H 3 AR B0 1) A R ) 8 ARG oK
(Beard, 2024) . M35 R, X A RE I 193 SOF
AR BR T B R S RE B T ), T AE 08 558 R0 4% 1
Xof K I e A 55 6 I 1) A 55 ZHL 2L RE ) i R G
AR R A5 R 2 LI S5 AN [R] B BE 22 6] 2 BB
T BT AR S R A LE

PE—KE , ZHE IR E Y Foh i T
A {2 PR BUAE S S 2 A 55 B | RS 40 HE R
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